Influenza A viruses (family *Orthomyxoviridae*) naturally infect a broad range of avian and mammalian species, including humans. Highly pathogenic avian influenza virus (HPAIV) subtype H5N1 is an infectious systemic viral disease that results in high morbidity and mortality in poultry and has been reported in a wide range of wild bird species during the last few years \[[@r13], [@r18]\]. In Japan, HPAIV H5N1 has been isolated from several wild birds, including jungle crow, mountain hawk-eagle and whooper swan in 2004, 2007 and 2008, respectively \[[@r12], [@r15], [@r17]\]. In autumn 2010, H5N1 was isolated from fecal samples of migrating ducks in the northernmost part of Japan \[[@r6]\]. In the winter of 2010--2011, several outbreaks occurred in wild birds and on domestic farms in Japan, and H5N1 was isolated from 63 wild birds and 24 chicken farms by the end of March 2011 \[[@r11]\]. Forty of the 63 wild birds belong to the order *Anseriformes.* The dominant deceased birds were tufted ducks, *Aythya fuligula*(12), from 4 prefectures: Fukushima (5), Tottori (2), Shimane (4) and Yamaguchi (1) \[[@r11]\].

The tufted duck breeds across northern Eurasia from Iceland to the Bering Sea. A large proportion (probably more than 60%) breeds in Russia and neighboring Fennoscandia. It is mainly migratory, but some populations in Europe are resident or perform only short-distance movements. The birds winter in northwestern and southern Europe, around the Caspian and Black Seas, in northern Africa and across Asia to Japan in the east \[[@r4]\]. The pathology of the spontaneous infection in wild birds is limited to a few species and a small number of birds, because of the difficulty of obtaining fresh carcasses suitable for pathological investigation. Moreover, level of mortality due to HPAI H5N1, although it depends on the wild bird species, is not as high as seen on domestic poultry farms. Here, we describe the gross, histopathological and immunohistochemical characteristics of spontaneous HPAIV infection (H5N1) in 2 tufted ducks and the molecular characterization of the virus isolated from the third duck.

In January 2011, numerous tufted ducks were found dead on a pond in Toyota City in Koriyama, Fukushima Prefecture, in an urban area. Two tufted ducks were examined by means of histopathological, immunohistochemical and molecular investigation, and a third duck was sent for further virus molecular characterization.

The 2 tufted ducks were sent to Gifu University for necropsy and histopathological investigation, and the third duck was sent to Hokkaido University for virus isolation. The ducks were necropsied in an isolated room in the P3 facility at the Faculty of Applied Biological Sciences, Gifu University. Samples from the brain, liver, lungs, pancreas, spleen, kidneys, hearts and adrenals were fixed, trimmed and processed in paraffin using the paraffin embedding technique for histopathological examination. For immunohistochemical investigation, deparaffinized and rehydrated 5-*µ*m tissue sections were quenched for 10 min in aqueous 3% H~2~O~2~, rinsed in MilliQ water and placed into Tris-buffered saline plus Tween (TBST) buffer for 5 min. The sections were pretreated with proteolytic enzyme (Dako Cytomation, Carpinteria, CA, U.S.A.) for 15 min, rinsed twice with TBST and incubated for 1 hr with a monoclonal antibody specific for influenza A nucleoprotein (Clone 1331, Biodesign, Sasco, ME, U.S.A.) at a dilution of 1:5,000. The sections were washed with TBST and then incubated for 30 min with the Envision + anti-mouse (horse radish peroxidase--labeled) polymer kit (Dako Cytomation), followed by a TBST rinse. Diaminobenzidine was used as the substrate chromagen, and the slides were counterstained with hematoxylin. Each immunostain includes a positive reference control (intestine from a chicken inoculated by H5N1), a negative control (brain from a healthy chicken) and a primary-antibody omitted control. For influenza virus diagnosis, viral RNA was extracted from cloacal swab from the 3 tufted ducks using a Qiagen viral RNA minikit according to the manufacturer's instructions. The rRT-PCR was performed using the Qiagen one-step RT-PCR for detection of influenza A matrix gene per manufacturer's instructions. The third duck was sent to laboratory of Microbiology, Department of Disease Control, Graduate School of Veterinary Medicine, Hokkaido University for virus isolation and further molecular characterization.

Grossly, the birds showed normal body mass (weighing 2.520 & 1.7 kg, both females) with salivation, eye discharge and bilateral bloody discharge. The main gross pathological features were marked dark-reddish clotted blood in the pectoral muscles ([Fig. 1a](#fig_001){ref-type="fig"}Fig. 1.Gross and histopathological findings of HPAIV in tufted ducks. Lesions were characterized grossly by (a) marked dark-red clotted blood in the pectoral muscles and (b) multifocal hemorrhages on the serosal surface of the liver and pericardium and (c) in the lungs. (d) The histopathological findings in brain of tufted ducks were non-suppurative meningoencephalitis characterized by perivascular mononuclear cell cuffing, multifocal neuronal degeneration and gliosis.) and multifocal hemorrhages on the serosal surfaces of the pancreas, gizzard, liver ([Fig. 1b](#fig_001){ref-type="fig"}), pericardium and lungs ([Fig. 1c](#fig_001){ref-type="fig"}). Splenomegaly, impaction of the proventriculus and gizzard and distension of the intestine with muddy green, white clay-like flakes, were observed. Congestion of the meningeal and cerebral blood vessels and hemorrhages on the surfaces of the parietal and occipital cerebral lobes were also noticed.

Microscopically, the 2 ducks had non-suppurative meningoencephalitis ([Fig. 1d](#fig_001){ref-type="fig"}) characterized by perivascular lymphocytic cuffing and mild perivascular edema, multifocal neuronal degeneration and vacuolation of the neuropil. Subcortical multifocal areas of liquefactive necrosis associated with gliosis were observed in 1 duck. The perivascular cuffing was composed of mononuclear phagocytic cells and lymphocytes. The lungs revealed hemorrhages, severe congestion and mild interstitial mononuclear cell infiltration. Necrotic bronchitis with desquamation of the lining epithelium and fibrino-necrotic airsacculitis was also observed. Other findings included multifocal to coalescing necrosis of the pancreatic acinar epithelium accompanied by an extensive area of severe hemorrhage and surrounded by mononuclear and heterophil cellular infiltration. Vacuolar hepatic degeneration and periportal lymphoplasmacytic infiltrations, hemosidrosis and bile stasis were observed. Also, multifocal hepatic necrosis accompanied by heterophils and lymphocytic infiltration was seen. The heart showed multifocal mild myocarditis with lymphocyte and macrophage infiltration. Myocardial vacuolation was also observed. Severe hemorrhage and congestion of the renal tissue accompanied by mild interstitial infiltrations of mononuclear cells was noticed. One duck had focal necrosis in the adrenal medullar cells with mild lymphocytic infiltration.

Immunohistochemically, the avian influenza antigen was pantropic in the 2 birds. The antigen was detected in the brain, pancreas, liver, spleen, lungs and heart. There was a strong correlation between the demonstration of viral antigen and the microscopic lesions. Strong viral antigen staining was demonstrated throughout the mulifocal liquefactive necrotic areas of the brain ([Fig. 2a](#fig_002){ref-type="fig"}Fig. 2.Immunohistochemical detection of avian influenza antigen in tufted ducks in (a) subcortical multifocal liquefactive necrosis and (b) ependymal, degenerated neurons and glial cells of the brain, (c) the pulmonary endothelium of the alveolar capillary, (d) epithelial cells of the parabronchus and atrium, (e) pancreatic acini and (f) focal degenerated cardiac myocytes as well as in (g) lymphocytic infiltration in lamina propria of the intestine in positive control chicken, but not in (h) brain of negative control chicken (ABC immunoperoxidase technique, counterstained with Mayer's hematoxylin).). The antigen was also randomly distributed in the brain within ependymal cells ([Fig. 2b](#fig_002){ref-type="fig"}), neurons, glial cells and epithelium of the choroid associated with inflammatory cell infiltrations. In the lungs, the antigen was detected in the capillary endothelial cells of the air vesicles ([Fig. 2c](#fig_002){ref-type="fig"}) and the necrotic parabronchial epithelium ([Fig. 2d](#fig_002){ref-type="fig"}). Although severe necro-hemorrhagic pancreatic lesions were observed, rare viral antigens were frequently detected close to the pancreatic acini, close to areas that exhibited necrosis ([Fig. 2e](#fig_002){ref-type="fig"}). The viral antigen was expressed in the endocardium or necrotic cardiac myocytes ([Fig. 2f](#fig_002){ref-type="fig"}), but it was frequently detected in the renal tubular epithelium and splenic macrophages. The antigen was detected in the hepatocytes and Kupffer cells related to focal hepatic necrosis.

Avian influenza virus type A was detected by real time RT-PCR in the cloacal swab of the 3 ducks. HPAIV (H5N1) was isolated from the third duck and other 4 ducks of the same species collected from the same mortality event by laboratory of Microbiology, Department of Disease Control, Graduate School of Veterinary Medicine, Hokkaido University \[[@r11]\]. The multiple basic amino acid sequence (RERRRKR/G), which is a marker of HPAI viruses (OIE, 2011), was found at the cleavage site of the deduced amino acid sequence of the hemagglutinin of the isolate. Based on the phylogenetic analysis of hemagglutinin genes, all H5N1 isolates in the 2010--2011 winter season in Japan were classified into genetic clade 2.3.2.1 and sub-grouped into groups A, B and C. The isolates from tufted ducks in this study were genetically closely related each other and were classified into clade 2.3.2.1 group A \[[@r11]\].

Since 1996, highly pathogenic H5N1 virus has been identified in domestic geese in China \[[@r19]\], and outbreaks have spread to encompass many countries in Asia, the Middle East, Europe and Africa \[[@r14]\]. Such widespread dissemination would require wild birds to excrete the virus in the absence of debilitating disease. HPAIV has occasionally been detected in wild birds near affected poultry flocks, but these birds have played a limited role, or no role, in virus dissemination \[[@r14]\]. In contrast, wild birds are suspected of playing a major role as long-distance virus vectors in the 2010--2011 HPAIV outbreaks. Just before these outbreaks, H5N1 HPAIV was isolated from fecal samples of migrating ducks in the northernmost part of Japan in the autumn of 2010 \[[@r6]\]. Moreover, the virus was isolated from healthy mallard ducks captured in South Korea in 2010 \[[@r8]\]. These circumstances support the assumption that migratory water birds from Siberia Lake could play a role in HPAIV dissemination in domestic poultry.

The most consistent gross lesions in the natural infection of tufted ducks with HPAIV were multifocal hemorrhages in the pectoral muscles, the serosal surfaces of the pancreas, liver, pericardium and lungs and hemorrhages and congestion of the meninges. There were also disseminated and multifocal distributions of lesions, suggesting a hematogenous spread of HPAIV in tufted ducks. In the present study, the antigen was detected in the capillary endothelium of the air vesicles of the lungs. Endotheliotropism of HPAI was not detected in experimentally infected tufted ducks \[[@r7]\]. Naturally, there is no evidence that the HPAI antigen causes actual vascular damage, as it has been detected in the vascular endothelium of the nasal mucosa in only 2 out 17 ducks \[[@r1]\]. In contrast, Brown *et al.* \[[@r3]\] detected virus antigens in the endothelial cells in most of the visceral organs and the brains in experimentally infected black swans. HPAI antigen was detected in endothelial cells and perivascular phagocytes in chickens and other *Galliformes*, in contrast to the pathogenesis of HPAIV in domestic and wild ducks characterized by lack of virus replication in endothelial cells and absence of associated vascular damage \[[@r2], [@r7]\]. Even in chickens, although most of HPAI viruses have endothelium tropism and vascular permeability disorders, some HPAI viruses that have a long incubation period, produce viremia with lack of or minimal vascular endothelial replication and tend to replicate extensively in parenchymal cells of visceral organs \[[@r9]\].

The histopathological lesions were multifocal nonsuppurative encephalitis, multifocal necrotizing pancreatitis, vacuolar hepatic degeneration and periportal lymphocytic infiltrations, focal myocarditis and myocardial degeneration, and pulmonary and renal hemorrhages. The virus antigen was systemically detected. This is in agreement with natural H5N1 infection in tufted ducks and other wild bird species \[[@r1], [@r5], [@r15], [@r16]\]. The brain and pancreas lesions were similar to those described in other natural and experimental infections in wild birds. However, in the present study, the non-suppurative meningoencephalitis with multifocal liquefactive necrosis was consistently observed in the 2 ducks with associated strong deep IHC-positive staining in the subcortical multifocal liquefactive necrosis, degenerated neurons and ependymal and glial cells. The high level of antigen detected in the brain suggested the high neurotropism of the virus that might be responsible for the ultimate death of the birds \[[@r3], [@r7], [@r10], [@r16]\]. In contrast, although the pancreas was severely necrotic and hemorrhagic, the immunostaining of the virus antigen was weak and in acini were devoid of degeneration surrounding necrotic tissue that was IHC-negative. This suggested that the virus could be preserved in tissues for a short period \[[@r1]\], although this could be contrasted with the positivity of the subcortical liquefactive necrosis in the brain.

In the lungs, hemorrhages, severe congestion and mild interstitial mononuclear cell infiltration accompanied by necrotic bronchitis and fibrino-necrotic airsacculitis were also observed. The virus antigen was detectable in the capillary endothelium, as has previously been recorded in naturally infected tufted ducks \[[@r1]\] and mute and whooper swans \[[@r16]\]. On the other hand, the antigen was detectable in the epithelium of the parabronchus and atrium, unlike earlier records of natural infection in tufted ducks and mute and whooper swans \[[@r1], [@r16]\]. In intratracheally and intraesophageally experimentally inoculated tufted ducks, the viral antigen was found in the epithelium of bronchi, parabronchi, atria and air capillaries \[[@r7]\]. Virus detection in pulmonary tissue is dosage- and route-dependent and can vary in natural infection from 1 bird to another. The virus antigen was detected in necrotic cardiac myocytes and frequently in the renal tubular epithelium and splenic reticuloendothelial cells. HPAI viral replication in cardiac myocytes has been detected in both naturally \[[@r15], [@r16]\] and experimentally \[[@r7]\] infected birds. The hepatic focal degeneration with focal hepatocyte immunopositivity to HPAIV antigen in the 2 cases presented here highlights the pantropism of the virus.

The severity of hemorrhagic and necrotic lesions in the pectoral muscles, lungs, pancreas and brain in the tufted ducks in the present case, as well as the pantropic distribution of the HPAIV antigen in various organs, besides those found dead, suggests that tufted ducks might be more vulnerable to infection than other wild birds, as was previously presumed in experimental infection \[[@r7]\]. The detection of AI antigen in endothelium of air capillaries and epithelium of parabronchi is a new finding that might be helpful to understand the pathogenesis of HPAI in nature.
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